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SUMMARY 

V/hen  tv/o  immiscible  liquids  are  to  bo  ijsed  as  rocket  propellants 
it  may  bo  advantagcoi^  to  spray  them  as  a  fine  emulsion  into  the  combus¬ 
tion  chamber.  fixperimental  T/ork  has  been  carried  out  on  nozzles  in  \^ich 
two  liquids  are  caused  to  form  an  emulsion  by  moans  of  rotational  forces 
resulting  from  the  pressure  drop  in  various  swirl  nozzles.  Modifications 
of  well  known  types  of  swirl  atomizers  have  boon  tried,  but  the  beat 
results  have  been  obtained  with  a  nozzle  designed  specially  for  mixing. 
I^oposals  are  made  for  determining  v/huther  mixing  nozzles  give  results 
which  ar^=  better  than  those  obtained  by  conventional  methods  of  injection. 
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1  Introduction 

In  order  to  achieve  combiistion  in  a  smaller  space  than  that  required 
Vifith  normal  methods  of  injection,  Dr.  J.  Schmidt  proposed  that  a  type  of 
noszle  mi.Pht  be  used  in  vihich  the  propellants  were  mixed  to  an  emulsion 
just  before  they  wore  sprayed  into  the  combustion  chamber.  Some  com¬ 
bustion  exporinsents  vath  a  conventional  typo  of  s;vlrl  noasle  vrere  made 
to  try  out  this  proposal,  but  tho  results  wore  insui'fioient  to  determine 
the  value  of  mixing  noszles.  Tho  tests  and  calculations  described  in 
this  note  v/cro  undertaken  to  obtain  additional  information. 

Due  to  the  intimate  mixture  of  the  propellants,  higher  rates  of 
oonibustion  may  be  expected  by  the  use  of  a  mixing  nozzle.  Mixture, 
hoivcver,  must  be  confined  to  a  small  space  owing  to  the  danger  of  explo¬ 
sion  in  the  emlEion.  Hitherto  good  atomization  and  mixture  of  propel¬ 
lants  in  the  combustion  chamber  has  had  to  be  effected  by  a  number  of 
small  nozzles,  With  a  mixing  nozzle  of  suitable  design  it  should  be 
possible  to  replace  them  by  a  single  nozzle.  Although  tho  drops  may  be 
larger,  they  should  need  nc  further  atomisation  because  it  is  considered 
that  they  7rill  detonate  on  ignition.  It  is  not  yet  knovm  exactly  hovr 
single  drops  of  propellant  emulsion  burn,  but  this  'will  bo  investigated 
when  facilities  are  available. 

At  the  st.art  of  these  tests,  it  seemed  almost  certain  that  a  simnl'j 
type  of  nozzle  could  be  used  to  prepare  an  oirr.ilsion,  since  according  to 
tho  conclusion  reached  by  the  Joseph  Lucas  Research  Laboratories  "The; 
actual  atomization  at  high  pressure  is  primarily  due  to  micro -turbulence 
resulting  from  tho  very  high  throat  velocities. " 


An  attempt  v/as  made  to  oxamine  the  behaviour  of  a  irixturo  of 
propellants  in  tho  usual  typo  of  swirl  nozzle  by  replacing  parts  of  the 
steel  nc.sslc  by  glass,  but  little  could  be  seen  opart  from  the  fact  that 
an  emulsion  v/aa  formed.  As  tho  emulsion  is  turbid  the  mechanism  of 
formation  c-anncit  be  studied,  and  it  is  still  not  known  how  the  opposint* 
forces  of  centrifugal  force  and  friction  interact  upon  tho  drops  of 
denser  and  lighter  imirdscible  liquids.  Earlier  investigations  in  this 
subject,  however,  shovir  v,hat  happens  ^/hen  only  one  liquid  passes  through 
the  nozzlo^’^. 


2  Ferformianoe  of  a  simple  svi^irl  iX'Zzle  used  ,an  an  emulsifier 

2.1  App^uratus 


m 


* 


li,  rjDSale  i>om  hydrogun  peroxide  generator'^  was  used  for 

these  tests-  This  no:;r/lo  (sec  Fin- 1)  has  t^vo  tangential  inlet  holes 
giving  a  hollow  cone  spray  wdth  a  throughput  of  60  gip/sec  at  a  pressure 
of  7  atm( gauge;.  The  nos^jlu  Tfas  connected  by  tw'o  pipes  to  t^7o  oontainors 
from  which  paral'fin  find  w^ater  respectively  could  bo  fed  by  compressed 
air;  the  rat  us  of  flow  iV'oro  controlled  by  valves  situated  in  the  feed 
pipes-  The  two  li^iuids  have  different  densities  and  are  of  course 
iianiscible.  It  was  found  that  a  coarse  rrAxturc  was  produced  wiiero  the 
tvfo  liquids  met  just  '^iove  the  sworl-plate  of  the  nc’Zslo,  but  a  niurc 
intimato  irixturc  was  produced  in  ttio  swirl  oluuibGr-  To  saiplc  the 
r/iixture  distribution  across  a  section  of  the  spray  3^  test  tubes  were 
placed  14  om  below  tho  tlozzXq  ^  as  shoini  in  the  diagram-  Tho  Liethod  of 
determining  the  mixture  distribution  is  described  in  Appendijc  I. 
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2.  2  Exporii-’i^ritfil  Result  is 

•T  ’  ’  I 

For  the  first  test  the  riean  ratio  of  paraffin  to  water  was  1  to  1,  b 
by  volui.io.  The  irdxture  ratio  inside  and  outside  the  spray  cone  at  each 
of  Gipht  points  is  sho\7ti  in  fig.  2:  a  sh,ndod  field  of  1  lua  indicutus  1ft 
dofioienoy  bolcw  the  nix  tore  ratio  1/1.4  arid  ah  unshaded  field  of  1  7X1 
Ifo  excess  oi  iTatei’  above  the  nixture  ratio  l/l,  t..  The  average  deviation 
v/as  5*9^.  Fig.  2  also  shows  the  nass  distribution  of  the  spray. 

It  .was  found  that  the  :ibove  deviation  fror.i  the  mean  jidxti].re  ratio 
undergoes  no  substteitial  alteration  v^icn  the  sni-ffoo  fion^aTiui  (snap 
solution  with  surface  tension  j51  dy iies/on  instead  of  v;ater  with  sni-lVtoo 
tension  72  (Ivnos/cu)  ,  or  the  density  (CaClo  solution  with  density  1.  25 
gi./cc  instead  of  water  vdth  density  1.0  gin/co),  or  the  man  r.iixture  mt-ir, 
(1/3  instead  of  1/1.4)  is  ctiangod.  There  is  every  reason,  therofore,  to 
suppose  that  tlio  pei'f or  nance  of  this  nozzle  vdll  be  the  sai.ie  idth  p.ai'iif- 
fin  and  nitric  acid  or  *d.th  partif'fin  and  hydrogen  peroxide  'i^ich  is  the 
propellant  coirih.i nation  used  in  coinbusticn  tests.  On  the  other  hand,  this 
•  type  of  mixing  nozzle  gives  no  better  result  than  a  nozzle  delivering  two 

intoi'penetrating  spray  cones  for  fuel  and  oxidant  re.-^-peohivoly  as  the 
mixture  ratio  is  incorrect,  but  with  interpenetrating  sprays  the  correct 
mixture  ratio  is  bound  to  be  reached  some^rfiore.  This  is  true,  howovor, 
only  for  macroscopic  mixing,  and  the  ncizzle  tested  may  have  the*  advantage 
that  the  pai’affin  droplets  are  sntillcr  than  they  would  be  if  the  pai'afl'in 
wore  atorniEod  sepai'utely  The  di’oplet  size  can  be  estimated  from  the 
raicrf'phctogi’apll  (fig.  3a)  iviiich  vuis  obt,Ti.r)ed  .frt'm  an  armil  i on  slabilized 


-  4  - 


Technical  Note  No.  R.P.D.19 


by  adding  0,1%  soap  to  the  water  before  the  liquids  were  sprayed  through 
the  nozzle.  The  paraffin  droplets  show  up  as  #iite  spots.  Apart  from  a 
I  few  large  drops,  the  droplets  ore  about  0,01  mn  or  less  in  diaiBQter,  and 

are  smaller  than  those  usually  obtained  from  swirl  nozzles.  As  it  was 
thought  possible  that  the  paraffin  drops  had  been  further  divided  on 
impact  with  the  Y^ralls  of  the  glass  beaker  in  which  the  emulsion  was 
collect ad,  single  drops  were  caught  on  a  glass  slide  at  some  distance 
from  the  nozzle  where  their  speed  ViTas  lower.  Out  of  more  than  100  drops 
examined  under  the  microscope,  none  were  foxxnd  to  consist  of  one  liquid, 
and  all  were  of  on  emulsion  finer  than  that  shown  in  fig.  3a.  It  is, 
therefore,  concluded  that  the  large  drops  have  been  formed  by  recombina¬ 
tion. 


Single  droplets  v/arc  not  photographed  because  there  is  always 
movement  inside  thorn,  and  only  a  small  part  of  a  globule  is  sharply 
defined  under  the  microscope. 

Tho  results  v/ith  this  type  of  mixing  nozzle  may  be  summarized  as 
follows:- 

The  mixture  ratio  is  not  uniform  across  the  spray  oono,  but  vory 
fine  atomization  is  obtained.  Owing  to  the  unsyiHEotrical  distribution  it 
is  unlikely  that  nozzles  of  this  typo  vrf-11  give  good  results  in  very 
small  oombustion  chairljcrs. 

2-3  Characteristics  of  the  Emulsion 

Paraff in-ViTatcr  emulsions  may  be  cither  emulsions  of  paraffin  in 
water  or  of  water  in  prjraffin.  The  white  globules  seen  in  tho  micro- 
photograph  aro  paraffin  droplots;  this  was  established  by  making  on 
emulsion  with  colourod  paraffin  v^ich  yielded  coloured  droplets  in 
colourloss  water. 

Er.ixlsions  ore  strongly  influenced  by  soaps;  alkali  soaps  usually 
yield  paraff in-in-Tirater  eriulsions.  As  sodiuiu  soap  was  used  as  a  stabi¬ 
lizer,  this  suggests  that  tho  emulsion  night  be  paraffin  in  water.  Tfihen, 
however,  no  soap  was  used  a  paraffin  in  water  onulsion  was  obtained  v/h i oh 
was  sufficiently  stable  to  show  that  it  could  be  readily  diluted  wilh 
water,  but  not  Yd,th  paraffin;  this  means  that  paraffin  is  the  disporsed 
nedi\m.  The  Dicroscope  also  shews  that  the  density  of  the  small  paraffin 
globules  is  less  than  that  of  the  surrounding  water,  els  when  tho  micro¬ 
scope  objective  is  raised,  the  ^Beckes  line'’  moves  into  the  globules. 

3  Existing  Solid  Cone  Mixing  Nozzles 

Only  one  reference  to  mixing  nozzles  has  bean  found  described  in 
the  literature^;  in  this  article  is  described  a  solid  cone  nozzle  ?/^ith  a 
separate  feed  line  to  the  axial  jet.  A  solid  cone  nozzle  is  a  hollow  cone 
nozzle  with  the  addition  of  an  axial  jet  which  strikes  the  rotating  fluid 
and  breaks  it  up  jx^t  v;ithln  the  orifice.  Although  solid  oone  nozzles 
have  been  known  for  a  long  time,  this  principle  has  not  been  used  very 
much  for  rocket  motors. 

A  solid  cone  would  have  the  advantage  of  making  bettor  use  of  the 
space  in  the  combustion  chamber  and  of  providing  more  uniform  distribution 
of  hydrogen  peroxide  in  stoam  generators.  It  was  thought  desirable, 
thereforo,  to  oxamine  the  sprays  from  solid  cone  nozzles. 

3*  1  ^cporui^^nts  v/ith  a  Solid  Cone  Nozzle  with  One  Liquid 

As  in  tho  previous  oxperimonts  a  nozzlo  from  a  steam  generator  was 
usod.  An  additional  hole  was  drill od  through  the  centre  of  the  swirl 
plate  (soo  fig.  1)  ,  and  tho  diatanco  from  this  plate  to  tho  orifice  was 
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adjusted  so  as  to  produce  a  uniforii'.  Hiass  distribution  in  the  spr;^/  cone. 

It  is  difficult  to  make  the  distribution  of  the  spray  of  a  solid  cone 
uniform,  and  the  effect  of  slii^t  variations  in  design  arc  shov/n  in  fig. 
4--7*  To  facilitate  coji^arison,  the  ordinatt;;s  of  the  curves  and  those  of 
4-“  11  representing  mass  flo^v  per  unit  area  have  been  reduced  so  that  the 
majcLma  have  a  value  of  unity. 

One  of  the  disadvantages  of  this  type  of  nozale  is  that  it  must  be 
made  ranch  more  accurately  than  the  usual  hollow  cono  nozzle.  Fig. 5  and 
fig.  6  show  the  different  forms  of  spray  that  wore  obt;iined  from  a  similar 
nozzle  by  .altering  the  length  of  the  swirl  chamber  by  less  than  Ifc  i.  e. 

0.1  mm;  fig.  7  shov;s  the  sprtiy  from  another  solid  oono  nozzle  in  which  the 
axis  of  the  centriil  jot  \/ao  inclined  at  -about  to  the  orifice  axis. 
Because  of'  the  influunce  of  these  small  deviations,  difficulties  v/ould 
bo  encountered  in  manufacturing  these  nozzles,  since  eacbi  nozzle  would 
have  to  be  inspected,  rind  in  many  oases  readjustment  might  be  necessary. 

A  cortparison  of  the  spray  from  a  hollow  cone  nozzle  (fig.  8)  and  that  from 
a  solid  cone  nozzle  (fig. -V)  shot/  that  the  iirprovemcnt  in  mass  distribution 
appears  to  make  it  worth  viiile  to  use  the  solid  cono  nozzle  for  certain 
applications,  sucii  os  hydrogen  pez’oxidc  steam  generators,  despite  the 
closer  aianufacturing  lir.iits  required.  It  is  Itiportont,  especially  in 
steam  goncra.tors,  that  the  hydrogen  peroxide  is  distributed  evenly  on 
the  surface  of  the  catalyst ,  and  the  solid  cone  nozzle  should  bo  better 
than  a  nui.iber  of  hollcv/  cone  nozzles. 


A  disadvantage  of  the  solid  cone  nozzle  is  that  the  drops  produced 
by  it  are  larger  than  those  from  a  hollow  cone  nozzle.  To  mcasui'c  the 
drop  size  a  mcda.anical  shutter  device  was  used  to  colloct  a  sojiple  of 
drops  (see  Appendix  II).  It  %/as  found  that  the  lirops  from  the  solid  * 

cone  nozzle  (fig.  lb)  v/ero  bigger  thaai  drops  frem  the  siuple  swirl  nozzle 

(fig.  la)  ^-i-thout  a  contr/O.  Jet.  The  measurement  of  drop  size  is  described 
in  Appendix  II.  The  relative l:trge  size  of  the  drops  is  a  drawback  ^ 

v/hen  the  propellants  o-tc  atLaiiized  separately,  but  it  is  probably  of  loss 

import  once  %’/hcn  the  propellants  h-ave  been  mixed  to  an  emulsion  before 
atomisat  ion. 

VAioro  big  drops  ore  a.  drav/back  but  it  is  desirable  to  use  a  solid 
cone,  a  double  cone  nozzle,  \#iieh  has  been  proi)osed  by  T.  Kretschmer,  can 
be  used  v/ith  advantage,  Thii>  nozzle  deli%^crs  two  hollovv  spray  cones 
similar  to  those  used  for  mixing  oxidant  -and  fuel  inside  the  combustion 
chaiaber,  but  in  this  case  t?ie  apex  .:uigle  of  the  inner  cone  is  smaller 
than  that  of  the  outer  cone ,  so  that  the  tr^/o  concentric  oones  interfere 
only  slightly  v/ith  one  another.  The  spray  pattern  of  fig.  y  v/as  obtained 
from  a  double  cono  nozzle  of  thi.;  type.  The  distribution  of  tho  spray 
can  be  mode  rx;re  uniform  if  the  dii’ferencc  between  the  apex  angles  of  the 
oones  is  reduced,  and  t\  still  ne.arcr  approacli  to  uniformity  can  be  ob¬ 
tained  if  the  inner  cone  is  i-iailc  solid.  This  type  of  nozzle,  is  similar 
to  a  single  solid  cone  nuzzle  except  that  the  spray  round  the  periphery 
of  the  cone,  wtiich  forias  a  large  part  of  the  total,  is  finer. 

5-  2  Experiments  with  a  Solid  Gone  Hoazle  used  a.s  a  Mixing  Mozzle 


In  order  to  use  tho  solid  cone  nozzle  as  a  i;iixing  nozzle  it  %vas 
necessary  to  modify  the  appau’atus  so  that  the  centrrJ.  Jot  and  the  ton- 
gential  holes  could  be  fed  fro:i.  separate  containers.  A  nozzle  of  this 
type  was  raaae  (see  fig.  12);  paxaXfin  was  fed  throughi  the  central  Jet  ond 
v/ater  through  the  outer  ramulus  ajod  the  pressure  of  the  central  Jet  was 
adjusted  to  give  a  uniform  spro^^a  The  mixing  effect  was  fairly  good. 

Pig.  10  shoT/s  that  the  central  paraffin  Jot  is  distributed  throughout 
tho  cone,  but  that  the  mixture  ratio  paer-af fin/wa.ter  decrea.scs  from  tho 
centre  to  the  periphery.  On  the  whole,  therefore,  tho  mixing  effect  of 
this  nozzle  is  not  good  m  that  of  a  s%/irl  nozzle  iii  which  both  liquids 
are  fed  throu^gh  tangential  hulcs. 


6 


Technical  Note  No.  R.P.D.19 


k 


As  denser  liquids  tend  to  reach  the  outside  oi  the  spray  cone, 
mixing  might  be  better  if  the  central  jet  were  water,  and  paraffin  were 
fed  through  the  tangential  holes.  This  method  was  tried  and,  as  can  be 
seen  from  fig. 11,  the  distribution  of  each  liquid  was  different  from 
that  in  the  previous  test  (fig.  10)  but  the  mixing  yms  no  better. 

4  New  Type  of  Mixing  Nozzle 

The  spray  from  an  ideal  mixing  nozzle  should  be  a  fine  emulsion, 
and  the  mixture  ratio  should  be  the  sajna  in  all  parts  of  the  spray. 

These  two  factors  are  of  vital  inport anoe,  since  combustion  occurs  very 
near  to  the  orifice  of  the  mixing  nozslo.  This  has  proved  to  be  the  case 
with  nitric  acid  and  paraffin. 

From  the  foregoing  experiments  it  is  clear  that  it  is  possible  to 
make  emulsions  by  moans  of  swirl  nozzles  and  when  these  emulsions  are 
collected  in  a  container  they  arc  found  to  be  very  fiiioly  divided  and 
appear  to  be  homogeneous,  though  the  mixture  ratio  of  the  two  liquids 
varies  for  sanplcs  of  emulsion  taken  from  different  points  of  the  spray 
cone. 


Although  tests  shov/ed  that  solid  cone  nozzles  were  not  as  good 
mixing  devices  as  sv/irl  nozzles  it  seemed  possible  that  they  could  be 
inprovod  by  drilling  additional  holes  at  an  angle  to  the  main  axis.  This 
modified  nozzle,  adjusted  to  give  the  octrrect  mixture  ratio  is  the  basis 
of  the  now  type  of  mixing  nozzle  described  below, 

4. 1  Experimental  Nozzle  Design 

In  order  to  investigate  a  v/'ide  range  of  throughputs,  two  sizes  of 
nozzle  vrere  designed.  As  a  basis  for  experiment  the  following  throughputs 
were  chosen  for  10  atm.  feed  pressure  for  both  liquids. 

Nozzle  A  (medium  size)  throughput  1000  gn/sec  (2.2  Ib/sec) 

Nozzle  B  (large  size)  throughput  5000  gn/sec  (11  Ib/sec) 

Each  nozzle  was  made  with  three  different  values  of  p  (the  serai 
included  angle)  15°,  30^  and  60*^  respectively  for  the  swirl  chamber. 

Tho  oonpleto  nozzle  consists  of  easily  interchangeable  parts  of  light 
alloy.  A  section  of  the  nozzle  is  shown  in  fig.  14  and  tho  photograph, 
fig,  15,  shows  the  medium  size  nozzlc_  (p  =  15°)  in  operation  at  a  pressure 
of  10  atm  (gauge).  Tho  tangential  inlet  holes  into  the  swirl  chamber 
vferc  drilled  through  a  jig  in  such  a  way  that  both  liquids  are  forced  to 
swirl  round  in  tho  same  dinoction;  the  water  comes  from  tho  outside  and 
the  paraffin  from  the  middle.  In  every  ease  the  swirl  chamber  T/as  made 
of  such  a  length  that  the  outlet  orifices  were  the  same  size  for  nozzles 
of  the  some  size  group  regardless  of  tho  value  of  p .  The  feed  pressures 
were  mcasim-ed  on  large  diameter  pipes  very  near  to  the  nozzle.  At  the 
highest  throughput  (5000  gji/soo)  the  velocity  was  only  1.9  nv/scc  in  the 
pipes  and  so  the  loss  of  presstJre  head  was  less  than  0.02%. 

4.  2  Experimental  Results 

Tests  wore  carried  out  at  5  and  10  atm  feed  pressures  with  both 
sizes  of  nozzle  and  the  three  different  swirl  chamber  angles.  Tho  apex 
angle  of  the  spray  cone,  2  a,  was  measured  on  the  photographs  taken  during 
the  spray  tests.  In  order  to  examine  the  performance  test  tubes  were 
placed  under  the  nozzle  yrfzich  was  arranged  to  spray  vertically  downwards 
as  shown  on  page  4-  Soitplos  were  taken  at  different  points  of  tho  spray 
cone  and  the  ratio  of  water  to  paraffin  was  determined  os  described  in 
Appendix  I.  To  examine  the  omuls  ion  another  sample  was  ooUcctod  in  a 
large  beaker  from  ■nhich  a  siunplo  was  taken  \7ith  a  pipette  and  placed 
between  two  slides  for  examination  under  the  microscope.  Microphotographs 
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were  taken  of  the  emulaion  in  soirte  oasoe,  but  criving  to  the  lapse  of  time, 
vAiicjh  occurs  before  a  photo.rraph  can  be  taken  and  tho  conse  luent  recom¬ 
bination  of  the  paraffin  droplets,  it  v/as  found  better  to  judge  the 
quality  of  the  emulsion  by  observation  throuj;^!  a  microscope.  All  the 
microphotograpt'is  wore  si:nilar  to  that  sho\‘/n  in  fig.  5a  althouj^i  tho 
emulsion  is  sli^tly  coarser  for  a  feed  pressure  of  5  atm  than  of  10  atm. 
The  only  exception  was  an  emulsion  obtained  from  nosslc  A  with  ^  =  60*^; 
a  microphotograph  of  this  emulsion  is  ;jhov/n  in  fig. 3b.  Ttiis  emulsion  is 
scon  to  bo  coarser  than  that  from  other  nozzles. 

A  series  of  teats  v/cre  iticjic  to  doterrrdnc  the  mixture  ratio  distri¬ 
bution  for  nozzles  A  and  B  and  the  results  are  summarized  in  Table  I 
from  vdiich  it  is  clear  that  nozzles  v/ith  angle  3  =  ^0  are  the  iTiost 
suitable  for  use  as  mixing  nozzles.  The  detailed  results  are  given  in 
Appendix  III. 


Table  I 


Deviation  from  average  mixture  ratio  of  emulsion 


Nozzle 

Nozzle 

ijigle 

/o  Deviation  from 
Ratio  of 

Avcrivge  Jilixture 
Emula ion 

lie  an  Deviation 
^  from  Average 
Mixture  Ratio 
of  Eraiilsion 

(Food  Pressure 

5  Kg/s'i.  cm. ) 

(Feed  Pressure 

10  Kg/sq.  cm. ) 

15° 

0.  A 

1.3 

0.9 

A  { 

30° 

0.9 

0.9 

0.9 

( 

60° 

0.  2 

1.7 

1.0 

{ 

15° 

2.  2 

3.3 

2.7 

B  ( 

30° 

1.7 

0.  2 

1,0 

60° 

3.4 

3.1 

3-3 

^  Oaloula'-' ions  on  Optimum  liixing  Nozzlu 

Calculations  were  made  by  H.  H.  Treutlcr  of  this  department  to 
take  into  account  the  meohanicai  variables  of  the  mixing  process  in 
order  to  design  the  optimum  mixing  nozzle;  the  mathematical  discussion 
is  included  as  Appendix  TJ'  of  this  note.  For  this  purpose  tho  centri¬ 
fugal  acceleration  Oq  of  the  mixture  and  the  total  acceleration  a 
at  varying  spray  cone  angles  «  vrere  calculated  for  different  nozzle 
angles  0.  'Ihe  corresponding  centrifugal  "velocity"  la^ldt  and  total 

"velocity"  j/'laldt  wore  obtained  by  integration,  Iho  values  of 
acceleration  and  "velocity"  as  a  function  of  the  spray  cone  angle  o 
are  plotted  in  fig. l6  for  the  throe  cone  angles  ^  ,  Ihc  curves  show 
vri.de  Variation  in  shape  sc  it  should  be  possible  to  determine  experi¬ 
ment  ;illy  vrfaicii  of  tho  four  vari;iblos  h>as  a  decisive  effect  on  mixing. 

As  has  already  been  pointed  out,  of  tho  nozzles  tested  t}io30  ivith 
fj  =  30°  give  tho  boot  results,  but  to  obtain  a  final  decision  on  the 
effect  of  tho  four  variables  a  large  number  of  experiments  would  bo 
neces.sary;  since  effective  mixing  has  already  boon  obtained  this  pro¬ 
gramme  of  work  has  net  been  undertaken.  If,  henvaver,  mixing  nozzles 
become  standard  cauipmont  this  work  would  be  of  fproat  importance  in 
effecting  further  improvement  to  the  design, 

5  Conclusions 

Tho  experiments  described  in  this  note  show  that  a  fine  emulsion 
of  fuel  and  oxidant  con  bo  made  in  a  small  space.  It  is,  therefore, 


Teohnioal  Note  No.  R,P.D.19 


• 

considered  worth'^hile  pursuing  work  on  the  use  of  emulsions,  and  it  is 
proposed  that  this  should  be  done  in  two  stages.  Firstly,  the  ooirbustion 
of  individual  droplets  of  emulsion  should  be  examined  in  the  laboratory 
to  determine  whether  their  rate  of  combustion  is  greater  than  that  of 
separate  droplets  of  fuel  and  oxidant.  A  few  experiments  have  already 
been  made,  but  the  work  roq.uiros  special  safety  facilities  which  are  not 
at  present  available.  Secondly  the  perfonmmoo  of  motors  v/ith  mixing 
nozzle  burners  should  bo  compared  with  motors  using  separate  injection 
system  for  the  fuel  and  oxidant  in  order  to  determine  vrfaether  a  smaller 
value  of  the  ch.araot oris  tic  length 

_  combustion  chagbor  volume 

throat  area 

can  be  obtained  by  the  first  typo  of  injection  system  than  by  the  second. 


RiiUj'iiKENCBS 


Author 

Title,  etc. 

1 

Joseph  Lucas  Research 
Laboratories 

Characteristics  of  Swirl  Atomizers 
Report  No.  L2671  (19A7). 

2 

Joseph  Lucas  Research 
Laboratories 

Characteristics  of  Swirl  Atomisers 
Report  No.  L1258  (l9Wf). 

3 

Houghton,  H.C. 

Chemical  Engineers'  Handbook  1941) 

2nd  edition  pp  1984  -  1994.  Spray 
Nozzles. 

if 

Joseph  Lucas  Research 
Laboratories 

Comients  on  Delft  Report  No.  658  on 
S^virl  Atomisers. 

Report  No.  L2717  (1947). 

5 

Houghton,  H.G.  and 
Badford,  YAH. 

Papers  in  Plnysical  Oceanography  and 
Meteorology  Vol.VI  No. 4-  Microscopic 
Moasuremont  of  the  Size  of  Natijral 

Fog  Partiolcs. 

Attaohod 

Drgs. 

Negs. 

HP.  179  -  18A 

83787  “  83788 

Advance  Distribution 

M.O.S. 

H.A.E. 

P/DSR(a)  Prin.  Dir.  Sci.  Res 
ADSR(Gon)  iiss.  Dir.  Sci.  Res 

D  Eng.  PJ) 

DGViRD 

ADGViRD 

Director 

dih;.e{tO 

G  V/eapons 

Chen  Dept* 

Library  2 

TFA5AIB  180 


-  9  - 


Teohnical  Note  No,  R.P.D.19 


APPENDIX  I 


Determination  of  Mixture  Ratio  in  the  Sprav 


In  order  to  determine  the  mixture  ratio  test  tubes  for  taking 
sanples  were  placed  under  the  nozzle.  !I3iese  tubes  had  sharp  edges,  and 
small  measured  quantities  of  hydrochloric  acid  were  filled  into  them  in 
order  to  make  the  emission  separate  quickly  and  to  fill  the  round  bottom 
of  the  tube.  The  heights  of  the  paraffin  and  water  wore  then  moasurod 
by  means  of  a  rule. 

Ihis  method  was  useful  for  rough  estimations,  but  was  not  good 
enough  for  exact  measurement,  mainly  because  the  water/paraffin  interface 
in  the  tube  was  not  clear.  For  exact  measurements  samples  were  taken 
with  the  same  test  tubes  clean  and  dry.  Immediately  after  spraying  the 
sanplcs  vrarc  poured  into  pyknomoters  and  then  tho  mixture  ratio  was 
determined  from  the  density  of  the  sanples.  Hi  is  method  proved  to  be 
very  aoourato  and  tho  density  could  be  deteimiinod  at  any  ooiwonient  time, 
as  the  total  volume  of  the  emulsion  does  not  change  vAien  the  oraulslon 
is  partly  or  con^letely  separated. 

Ihe  percentage  of  v/ater  in  the  emulsion  is  given  by  the  following 
expression; 


%j0  ■  ^ 


where  dg  is  the  density  of  the  emulsion 
dp  is  the  density  of  the  paraffin 
and  is  the  density  of  the  water. 
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AFPaiDIX  II 


Drop  Size  of  Sprav  from  Solid  Gone  Nozzle 


The  spray  from  a  solid  cone  nozzle  looks  much  more  coarse  than 
that  of  a  hollow  cone  nozzle.  The  Chemical  Engineers  Handbook^  says; 

^e  hollow  cone  nozzle  usually  yields  a  somev^iat  smaller  range  of  drop 
size  than  the  solid  cone  nozzle”,  (no  figures  are  given);  this  was 
confirmed  by  measuring  drop  sizes  from  sprays  of  the  simple  nozzle  with 
^  without  control  jet  (fig.  lb  and  la) .  Prom  fig.  1}  it  ^vill  be  seen 
that  the  solid,  cone  spray  comprises  much  larger  drops  than  the  hollow 
cone  spray  at  the  same  feed  pressure.  It  should,  however,  be  pointed 
out  that  no  alteration  was  made  on  the  tangential  inlet  holes,  the 
tliroughput  w^,  therefore,  higher  for  tho  solid  cone  than  for  the  hollow 
cone  and  a  higher  throughput  at  the  samo  feed  pressure  usually  produces 
bigger  drops.  Nevertheless,  it  is  clear  that  the  size  distribution  for 
these  tiTO  types  of  nozzles  is  different. 


The  above  measureiBent  was  taken  by  moans  of  a  spray  sampling  device, 
consisting  mai^y  of  a  spring  operated  shutter,  below  -nhich  a  slide  of 
glass  coated  with  vaseline  v/as  placed.  Inmediately  after  spraying,  an 
enlarged  photograph  was  made  from  the  slide.  The  diameters  obtain^  from 
the  photogre^h  were  multiplied  by  0.  8  because  according  to  Houghton  and 
Bedford^  the  flattening  coofficient  for  water  resting  on  vaseline  is 
0.8  i  O.Oif.  Tho  flattening  coefficient,  v/}iidh  is  the  ratio  between  the 
true  diameter  of  the  globule  and  the  observed  diameter,  depends  on  the 
contact  angle  betvraen  the  drop  and  tho  slide-surface  and  is  independent 
of  tho  drop  size  for  drops  up  to  about  1  mm  in  diameter. 
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APPENDIX  III 

Mucture  Ratio  Distribution  for  Experirnentnl  Nozzles 

The  rsnults  of  teats  on  experinfiental  maslos  A  and  B  for  two 
different  in,iection  pressures  and  throe  different  nezale  angles  are  given 
in  Table  II  irtiioh  shews  the  average  percentage  of  water  and  the  deviation 
from  the  average  percentage  of  water  at  different  points  of  the  spray. 

Table  II 

Deviations  from  average  ermilsion  mixture  ratio 
for  experimental  nozzles 


Nozzle 

Angle 

P 

Poed 

Pressure 

(irg/om^) 

Nozzle  A 

Nozzle  B 

Average 

% 

of  water 

Deviation 

from 

Average  % 
of  water 

Average 

% 

of  Water 

Deviation 

from 

Average 

15° 

5 

Bo. 3 

-0,1 

+0.1 

86.  2 

-2.9 

+1.7 

+2,7 

81.9 

+0.  3 
-1.0 
-0.  2 

+0.9 

0 

-0.7 

15° 

10 

80.5 

+2.4 

+1.0 

+1.1 
+0. 3 

“5.  2 
-1.8 
-0.7 

85.6 

-7.9 

fO.  9 

+2.9 

+3.2 

80.  _i 

-1.1 

+0.7 

+0,5 

O 

o 

5 

79,  if 

■*■1.3 

-0.6 

-0.6 

36.7 

+0.9 

+0.8 

-3.4 

+1.7 

o 

o 

10 

77.6 

-0.  2 

+0.  2 

86.8 

-0.2 

+0.1 

81.2 

+0. 4 
+1.9 

-0.8 

-1.5 

6oo 

5 

'75. s 

-0.2 
+0.  2 

83.9 

>5,7 
+2.  6 
+2.0 

60° 

10 

74.7 

+3.5 

-1.9 

-1.5 

-0.1 

63.3 

-2.8 

-1*9 

+4.7 
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test  the  average  percentage  of  water  in  the  spray  was 
taken  from  all  the  samples  collected  during  the  test.  Two  figure'’  of 
the  average  percentage  of  water  for  cne  nozzle  indicate  that  two  tests 
ave  been  made  on  the  nozzle.  In  columns  4  and  6  are  given  for  nozzles 
A  and  B  respectively  the  d^^viationG  from  the  average  percentage  of  vmter 
for  each  series  of  tests.  V/Ii^n  the  figures  in  oolujrns  i*.  or  6  for  one 
nozzle  are  separated  by  a  horizontal  line  this  indicates  that  the  sawlcs 
wore  taken  at  points  in  the  s»r,a,v  cone  at  right  angles  to  one  another. 

In  all  cases  the  first  figur’.-;  relates  to  the  inside  edge  of  the  cone  and 
the  last  to  the  outer  edge.  Additional  fijpjros  inlicate  samples  taken 
at  equal  intervals  across  the  oonc, 

Althou^i  the  mi;cture  ratio  distribution  for  nozzle  A  (g  =  60°)  is 
faxrly  goou  this  nozzle  soemj  to  be  unsuitable  for  use  as  a  mixing 
nozzle  because  the  emulsion  is  coai-sc.  Tlic  other  tv/o  nozzles  of  this 
size  (3  =  15  and  p  -  50^')  shn\7  no  difference  in  the  quality  of  the 
emulsion  produced  and  their  mixture  ratio  distribution  ctiaraoteristics 
arc  almost  identical,  both  nozzles  can  be  considered  satisfactory.  The 

f'fy-  .dxfore  ratio  was  1.9^  for  nozzle  A 

=  50  )  and  sligiitly  groatei*  t.han  that  for  nozzle  A  (3  =  15°),  hence 
the  former  in-ay  be  rocomn^nded  for  further  experiments.  The  Joseph  Lucas 
3  decided  to  use  sinple  swirl  nozzles  with 


®  series  of  nozzles  with  a  throughput  of  5OOO  gn/aec 
|ii  rb/sec)  that  for  v/hich  3=  60  shows  the  vrorst  mixturx)  ratio  distri- 
utxon  charactorlGtic3,  Ihc  one  big  deviation  of  for  3  =  15^  is 

probably  ,an  experimental  error,  as  the  deviation  is  otherwise  fairly 
uniform.  Hence  the  B  nozzles  with  p  15°  and  3  50°  arc  about  equal 

c^d  .ilmost  as  good  as  the  smaller  one.-^.  It  should  also  be  noted  that 

lighter  or  }>.e’-!vier  liiuid  tend  to  be  inside  or  out¬ 
side  tho  spray  cone;  all  deviations  ;:Vcm  the  moan  mixture  ratio  are  quite 
irregular. 
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APm^DIX  IV 

Calculations  on  Optimuni  Mixing  Nozzle 

By 

H,H.  Treutler 


1  I ntr  oduc  t i on 

This  'i/ork  was  originally  undent alcen  at  the  suggestion  of  and  in 
conjunction  with  the  late  Dr.  J.  Schmidt  of  this  Department.  It  deals 
with  the  mixing  of  liquids  by  the  action  of  a  nozzle  and  details  ore 

calculations  based  on  various  values  of  the  nozzle  angle,  ihe 
eft icacy  of  the  nozzle  as  a  mixing  device  is  assumed  to  depend  on  one 
of  four  qu.antities  and  it  is  concluded  that  their  order  of  iiimortanoe  can 
be  dotorinined  experimentally* 

2  General  Considerations 

The  problem  is  to  forco  the  liquids  into  one  another,  in  other 
VTOrds,  the  motion  of  the  liquids  relative  to  each  other  is  to  be  acoolor- 
ated.  Obviously  use  will  bo  made  of  centrifugal  acceleration  by  inject- 
ing  the  liquids  tangentially  into  the  nossle.  A  linear  acceleration 
moves  all  particles  equally;  it  mi^t,  therefore,  be  expected  that 
centrifugal  acceleration  is  more  important  in  mixing  since  it  is  not 
constant  all  over  a  cross  section  of  a  nozzle. 

A  line^  acceleration  can,  however,  only  be  effected  by  using  a 
force;  in  th^  case  the  force  used  is  the  injection  pressure;  hence 
substances  differing  in  density  have  different  linear  accelerations. 
Therefore,  the  total  acceleration  is  more  likely  to  be  a  measure  of  the 
eif ectiyeness  of  the  mixing.  In  addition,  there  is  the  possibility  that 
the  mixirig  be  iroroved  by  ■.\llo\7ing  the  acceleration  to  act  for  a 
longer  tiru,  this  suggests  tiiat  the  time  integral  of  the  acceleration 
may  be  the  decisive  factor.  On  the  other  hand,  centrifugal  acceleration 
acting  for  a  long  period  mai'  redis solve  different  heavy  substances. 

3  Detailed  Aiudysis 


It  is  cle,ar  from  the  above  that  four  quantities  can  affect  the 
mixing,  [niese  are  the  centrifugal  acceleration,  the  total  acceleration, 
the  time  integral  of  centrifugal  acceleration  and  the  time  integral  of 
total  acceleration.  These  four  qufintities  will  nov/  be  discussed  mathe¬ 
matically  in  order  to  relate  them  to  magnitudes  measurable  in  experiments. 
The  symbols  used  in  the  discussion  arc  indicated  overleaf,  and  are  also 
shown  in  the  follo?^ing  diagram. 


/Diagram 
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r  iDoan  raliuii  oi*  inner  and  outer  surface  of  cone  at  any  point  on  axii? 
d  difference  of  inner  and  outer  radii 

s  Qxial  distance  measured  froiu  base  of  cone  towards  orifice 

p  pressure  di'op  from  feed  reservoir  to  any  point  in  cone 

(3  =  tan"'^  nc::s5lo  angle  constant 

u  speed  of  rotation  at  any  point 

V/  linQ£ur  Lipeod  along  oono  axis  at  any  point 

oc  -  tan  —  spray  angle 

^■*2 

p  average;  density  of  lipuidc 


"lY  inaas  rate  of  flrav  of  lir^uids 
Suffix  1  refers  to  base  of  nossle  cono 
Suffix  2  refers  to  orifice  of  nozalc  cone 
The  three  follovring  eciuatlons  arc  known; 

(u2  -  p/2g  =  p 

ur  =  constant 
w  2?^  r  d  .  p  = 


and  also 


tan  a 


^2 


CD 

(2) 

(3) 

(4) 
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3»1  CentrifugeJ.  Acceleration 

The  centrifugal  acceleration  is  given  by: 

u2 

ao  =  — 

utilizing  equations  (1)  and  (4)  we  can  write 


u2  =  p  sin^a 

P 

also  from  equations  (3)  and  (4)  it  follows  that 

A  =  .2.2L^  gp  Vp  cos  a 


7/ 


(5) 


whence 


"  V  P 


cos  a 


(6) 


Plotting  ac  against  a,  a  maximum  is  found  to  occur  at 
0=  54°  30'  as  shown  in  fig.  l6. 

3.  2  Total  Aocoloration 

Ihe  total  acceleration  a  is  given  by 


a  = 


'  +  a- 2 

Vdt''  \dt) 


now 


dw 

dt 


dw  dr 
dr  ds 


w 


dr 


d^  ds  1-3 

'Whence  from  equatioris  (5)  and  (6) 


a  =  V 


32  ^  ^  Gosci  V  cos^a  +  sin'^a  (7) 

\{  \!  p  ^ 


If  a  is  plotted  against  a  ,  a  maximmn  is  obtained  only  if 

3«  3  Time  Integral  of  centrifugal  Acceleration 

Hie  time  integral  of  centrifugal  acceleration  is  given  by; 


he  I  dt 
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new 


dt  = 


dt  ds  dr  a 
^  ii3.  iit.  dp 

ds  dr  dp 


and 


-  / 
ds 


V  2  gp  cos  a 


Violence 


J 


I'  |ac  I  dt  =  cotp  ]  sina  tana  (8) 


3 • 4  Time  Integral  of  Total  Acceleration 

The  time  integral  of  total  acoclcrat ion  is  given  by 


I  ja  I  dt  =  I  Jpg  J  /  cot^  p  sin4  tan^a  +  l 


(9) 


Kosults 


Tfidcing 


and 


%  -  ‘l2  pVp 

i  xf  ' 


'^2  =  {p2  -  fil) 


*2 


the  dcpondence  of  the  fotU7  quantities  a^,  a,  !  |  I  dt  and  /  |a)  dt 

.u 

tl  ^1 

on  a  and  j3  is  given  by  the  four  following  equations: 


.  2 

“  ^1  ® 


a  =  Ki  V  tan2|3  cos^a  +  sin^  a  cos  a 


(6) 

(7) 


/  joc  |dt  =  cot  |3  sin  a  tan  a 
V 


(8) 


|aj  dt  =  Kj,  .'oot^fj  siii^’a  tan^a  +  1 


(9) 


_  -  ^  "k;  -1  '^1^1'^'*'  /  K  1  dt 

The  values  of  —  ,  ,  V  ■  —  ,  and  -  are  plotted  against 

Ki  Ki  K2  K2 

a  for  p  =  15°  j  30°  and  60°  in  f  ig.  l6.  The  curves  differ  so  jmioh  that  it 
should  be  possible  to  determine  experimentally  vAiich  of  the  four  quan¬ 
tities  is  the  most  important  in  the  design  of  a  mixing  nozsle. 
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FIG.  I. 


« 


FUEL  OXIDANT 


\ 


/ 


FIG.  I.  SECTION  THROUGH  SIMPLE  SWIRL 

MIXING  NOZZLE. 

t 


I 
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FIG.  2. 
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FIG.  2.  EMULSION 


FROM  SIMPLE 


SWIRL  NOZZLE. 
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FIG.3 


FIG.3a.  FINE  EMULSION,  x  80 


FIG.3b. 


COURSE  EMULSION. 


X  80 


MASS  PER  UNIT  AREA. 
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FIG.  4-  II. 


RADIUS  OF  sprat 


AT  A  DISTANCE  OF  55rrm  FROM  THE  NOZZLE. 


FIG.  4-  II  MASS  DISTRIBUTION  OF  SPRAY  FROM 
VARIOUS  NOZZLES. 


I 
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FIG.  12  &  13. 
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FIG.  12  SOUD  CONE  MIXING  NOZZLE. 


FIG.  13.  DISTRIBUTION  OF.  DROP  SIZE  OF  SPRAY 
FROM  HOLLOW  AND  SOLID  CONE  NOZZLES. 
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FIG.  14. 


ARRANQEMENT  OF  INLET  HOLES 

(section  a-  a) 

FIG.  14.  JET  ASSEMBLY  OF  NEW  MIXING 
NOZZLE  .  (type  b)  . 
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FIG.I5 


MIXING  NOZZLE  A  ( (3  -  IS  )  IN  OPERATION 


NO 


R.P.  (84 
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FIG.  16 


f 
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FIG.  16  VARIATION  OF  CENTRIFUGAL  AND  TOTAL 
ACCELERATIONS  AND  OF  CENTRIFUGAL  AND  TOTAL 
VELOCITIES  FOR  DIFFERENT  NOZZLE  AND  SPRAY 

CONE .  ANGLES. 


L 


K 


